Phospholipase activities releasing fatty acyl moieties from phosphatidylcholine and phosphatidylethanolamine and lysophospholipase activity releasing fatty acid from lyso-phosphatidylcholine were detected in both Mycobacterium microti and Mycobacterium avium. Fatty acyl groups were released from both the 1-and 2-positions of phosphatidylcholine. Generally, phospholipase activities of M. avium were cryptic while phospholipase activities of M. micruti were located on the bacterial surface. However, intact M. microti did not release fatty acids from phospholipids faster than M. avium. Neither Mycobacterium secreted acyl-hydrolysing phospholipase activity. All phospholipase activities were stimulated by including phospholipids in growth media: generally, cell extracts contained 6-to 15-fold higher specific activities than extracts from mycobacteria grown in media without added phospholipid. However, not all phospholipase activities were stimulated to the same degree in any given set of conditions, suggesting the existence of more than one phospholipase gene in each Mycobacterium.
Introduction
Phosp holipases that hydrolyse lecithin (phosphatidylcholine) have been detected in Mycobacterium lepraemurium (Kashiwabara et al., 1980) , M . bovis (Kondo et al., 1985) , and M . leprae (Wheeler & Ratledge, 1991) . In the latter, activity was surprisingly high, around 25% of the specific activity found in M . microti that had been grown in a lecithin-rich medium, which might be expected to induce phospholipase activity (Wheeler & Ratledge, 1991) .
High activity of phospholipase may suggest a role for it in intracellular environments as pertain with M. leprae and other pathogenic mycobacteria. As the enzyme activity did not appear, in general, to be exposed to the environment of the leprosy bacilli, it was suggested that its role may be mainly in the provision of fatty acids for bacterial growth rather than movement of the cells into, or out of host cells (Wheeler & Ratledge, 1991) .
If phospholipids are substrates for intracellular mycobacteria, they must be present in host cells and should induce phospholipase activity in the mycobacteria as exogenous phospholipids are generally required to induce high microbial phospholipase activity (Finnerty, 1989) . Thus the major objective of this study was to compare activities in mycobacteria that can be grown as intracellular parasites in experimental animals as well as in media free of phospholipids. The control of phospholipase activity was then investigated further by comparing activities in the same mycobacteria (using M. avium and M . microti) grown in defined media with and without phospholipids.
Using mycobacteria that can be grown axenically also allowed the investigation of whether they could secrete phospholipase into their environment and thus, after all, have the possibility of attacking and possibly damaging host cell membranes. These data are presented here together with data on the possible location of phospholipase activity in intact mycobacteria.
Diazotization of intact bacteria. Bacteria were diazotized with 7-diazonaphthalene-l,3-disulphonic acid (ANDS) in exactly the same way as described previously (Wheeler et al., 1982) .
Preparation of' cell-jiee e.s-tracts of mycobacteria. Mycobacteria were ultrasonically disrupted and clarified as described previously (Wheeler et al., 1990) to give extracts in 0.2 M-potassium phosphate, pH 7, with 5 mM-dithiothreitol or 5 mM-MES/KOH, pH 7, with 1 mM-MgC12. Some extracts were dialysed using ultrafiltration cones with a cut-off of M: 25000 as described previously (Wheeler, 1984) . There was no marked difference in the specific activities of the enzymes studied in this paper between the extracts prepared in the different ways described above.
Extracts could be stored at -70 "C, frozen and re-thawed up to three times. and lyophilized, without discernible loss of phospholipase activity.
Culturefiltrates. These were simply culture supernates, centrifuged at 20000g for 20 min to sediment liposomes when present, then concentrated and desalted through ultrafiltration cones with a cut-off of M, 25000. Dubos medium culture filtrate could only be concentrated 7-to 10-fold as it contained bovine serum albumin. Even at its highest concentration in assays, 3% (w/v), albumin did not affect phospholipase activity added from extracts of M. microti or M . avium. Phospholipase activity was also retained (85 to 110% of original activity) when activity was exposed to the concentration procedures employed with culture filtrates.
Enzyme assays
Assays for phospholipase activity in mycobacteria were optimized previously (Wheeler & Ratledge, 1991) . A single phospholipid, incluidng 14C-labelled phospholipid, was included in each assay. Sources of the unlabelled phospholipids are given elsewhere (Wheeler & Ratledge, 1991) . Abbreviations used in the text together with full names are given below. Assays routinely done with each phospholipid substrate, were as follows. :4]PC) was added, at 0-8OpCi per ml of final assay mixture, no unlabelled phospholipid was included, giving a final concentration of phospholipid in the mixture of 15.1 nmol m1-I. The lipid material was dried, either as a stock or in individual assay tubes, then suspended in 10 mM-MES/KOH, pH 7, at 10 times the concentration required in the final assay mixtures. The suspensions were mixed vigorously for 30 s at 25 "C every 30 min for 2 h, and 30 min before assays were started 60 pl (aqueous solution) 1 m~-2-lyso-phosphatidylcholine was added per 30 pl of suspension. Assays were started by adding 210 p1 of various mixtures containing cells or cell-free extracts to the suspensions (90 pl). The final assay mixtures (300 pl) included 10 mM-MES/KOH, pH 7, and 0.05 % Tween 80. Suspensions of phosphatidylcholine were always clarified when 0.2 mM-lyso-phosphatidylcholine was included suggesting that the suspension was in the form of mixed micelles (Dennis. 1983) .
Phosphatidylcholine ( P C
lyso-Phosphatidylcholine (lyso-PC). The assay mixture routinely included a 0.2 mM aqueous solution of lyso-PC with labelled ~-1yso-3-PC, I-['4C]palmitoyl (Amersham; 56 Ci mol-I) (l-['T-16 :O]-lyso-PC) at 0.5 pCi per ml of the final assay mixture, with 10 mM-MES/KOH, pH 7, and 0.05% Tween 80.
Phosphatidylethanolamine ( P E ) .
These assays included unlabelled PE and L-~-PE. 1,2-di[ I-14C]palmitoyl (Amersham; 110 Ci mol-I) (1,2-di[ I T -I 6 : OIPE) to give 23.8 nmol and 0.40 pCi per ml of the final assay mixture. Assays were done as described for phosphatidylcholine, except that 2-lyso-PC was not added and final assay mixtures contained 5 mM-CaC1,.
Assayprocedures. All assays were performed at 34 "C. In assays using cell-free extracts, 70 pl samples were taken at intervals up to 100 min except for assays with 1-['4C-16:O]lyso-PC when the final sample was taken at 30 min. A minor modification which did not discernibly affect phospholipase activity was to scale down assays to 200 pl when cell-free extract (the source of enzyme) was scarce and take three 60pl samples. A sample was always taken at zero time (in practice within 15 s of mixing substrates and cell extract).
In assays using intact bacteria, a 60 pl sample was taken immediately after mixing, then the assay vial was left open and placed inside a Universal bottle (25 ml) containing 400 pl 0.5 M-NaOH. A further sample of assay mixture (60p1) was usually taken at 1 h, then the remaining assay mixture and the NaOH, containing any ' T O , evolved, were sampled at 4 h. As I4CO2 levels were very low ( < 20% of the label released by phospholipase), they are not presented.
Controls were always done in parallel with assays including cell-free extract or intact bacteria. Controls included water in place of the source of enzyme, or heat-killed (100 "C, 15 min) bacteria. When it was discovered that similar results were obtained with either control, controls using heat-killed bacteria were performed only rarely.
Measuring and calculating phospholipase activities.
A high performance thin layer chromatography (HPTLC)-based method, described previously (Wheeler & Ratledge, 1991) , was used. In calculating activities, control values were subtracted from sample values. Activity was calculated from the percentage label in the fatty acid in each assay sample to eliminate sampling errors which would arise if absolute counts were used (Wheeler & Ratledge, 1991) . With intact bacteria, label increased with time in the triacylglycerol fraction rather than the fatty acid fraction. In this case, the percentage label in the triacylglycerol fraction was used in calculations. However, results are still expressed as fatty acid released since formation of I4C-labelled triacylglycerol is presumably the result of a subsequent, esterification reaction. The activity was calculated from the maximum rate of the reaction, usually the initial rate.
Protein in enzyme sources such as extracts was determined by the Lowry method.
Student's t-test was used to determine statistical significance, when required.
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Results and Discussion
Utilization of phosphatidylcholine during mycobacterial growth and its efect on growth
Phospholipids may be substrates for pathogenic mycobacteria. It was important, therefore, to establish their effect on growth as growth rate might affect enzyme synthesis. The growth of M. microti and M . avium was similar to previously reported growth on Dubos medium (Wheeler, 1987) . Addition of lipids and phospholipids to Dubos medium had no discernible effect on yields of M . avium. Although the growth of M. microti in Dubos medium with liposomes added (Fig. 1 ) was similar to growth in Dubos alone (Wheeler, 1987) , the yield was consistently 8 % higher ( P < 0.05). In contrast, palmitate at 100 pg ml-1 inhibited the growth yield of M. microti by 70 %.
Yields of M. microti from Sauton's medium (with or without liposomes added) were poor, just 35% of those shown in Fig. 1 . However, yields (after 16 d) of M. acium grown in Sauton's medium + liposomes were around 35 mg per 100 ml, which is about 75% of the growth yield in the much richer Dubos medium.
The data in Fig. 1 show that the phosphatidylcholine in liposomes is used by M. microti. However, the rate of
microti organisms growing in media with labelled liposomes was slow (Fig. 1) . After 22 d, 3.5 % of the label, equivalent to about 0.5 mg phospholipid, had been incorporated into 56 mg M. microti organisms, which contain about 20 mg lipid (Draper, 1982) . About half the radioactivity in all samples of washed bacteria was wallbound lipid that could not be extracted with chloroform/ methanol/l M -H C~ (16 : 6 : 1, by vol.) at 20 "C for 20 h. About 70% of the extractable label could be traced as triacylglycerol. Therefore, in an attempt to enhance phosphatidylcholine utilization, lyso-phosphatidylcholine (0.2 mM) was added to Dubos + liposomes medium. Previously, enhancement of activity had been observed in assays of 30 to 60 min duration (Wheeler & Ratledge, 1991) . However, incorporation of label into washed M. microti (Fig. 1) and its wall-bound lipids was not enhanced during growth in the presence of lysophosphatidylc holine. P hospholipase activity was, however, enhanced as indicated by the increased rate of COz release and relatively rapid appearance of label in fatty acid released into the medium.
Similar results to those obtained with M. microti and shown in Fig. 1 were obtained in single growth experiments with M. avium (not shown).
Thus, phospholipids are hydrolysed by mycobacteria in these liquid culture media; however, the fatty acyl groups released are only slightly incorporated into the mycobacterial lipids, and slightly degraded to C 0 2 . 
Range of phospholipids hydrolysed
As with M. leprae (Wheeler & Ratledge, 1991) , M. microti (Table 1 ) and M. avium (Table 2 ) have phospholipase activity for releasing fatty acids from all the phospholipids that were tested. It was confirmed that the assay conditions, previously established as optimal for M. microti and M . leprae, were also optimal for M. avium. Thus, substituting unlabelled lyso-PC with 5 mM-CaClz enhanced activity towards 1,2-di[ 14C-16 :O]PE, and lowering the assay pH to 4.4 reduced all phospholipase activities.
Control of phospholipase activity
All acyl-releasing phospholipase activities in both M. microti (Table 1 ) and M. avium (Table 2) were inducible. The activities shown in Tables 1 and 2 were similar whether they were obtained in dialysed extracts or in extracts which had not been dialysed, suggesting that low activity in mycobacteria grown in Dubos medium was not a result of feedback inhibitors remaining in the extracts. P . R . Wheeler and C . Ratledge Induction of phospholipase was observed in M. microti and M . avium when liposomes, rich in phospholipids, were added to Dubos medium. Palmitate also induced phospholipase activities in M. avium. It may seem surprising for a fatty acid to induce an enzyme which would release further fatty acids (from phospholipids). However, fatty acids are toxic and do not usually occur in a free form. Thus, phospholipase activity may normally be induced by the fatty acids released in initially small amounts from lipids by the low uninduced enzyme activities observed in this study. Alternatively, a wide range of lipids and phospholipids may be recognized as inducers [probably indirectly, as they are unlikely to bind directly to (phospholipase) genes] and fatty acids are amongst these lipids because their effect has never been selected against as they are not normally present at significant concentrations in uiuo. Palmitate did not, however, induce activity in M . microti, but this may be due to the severe inhibition of growth caused.
Phospholipase activities were higher in mycobacteria grown in mice than in the lipid-free Dubos medium. Activities were not as high as when growth was in axenic medium with liposomes, but this again may reflect differences in growth. Growth in mice was slightly slower than in Dubos medium with or without liposomes (Wheeler et al., 1990) . Direct comparisons can now be made with phospholipase activity in M. leprue (Wheeler & Ratledge, 199 1) in mice (Table 2 ). This may indicate that there are two enzymes involved in release of fatty acid from 1,2-di[ "C-16 : O]PC and 2-[ "C-16 : OIPC. There are further, also indirect, lines of evidence which may suggest that there is more than one enzyme with phospholipase activity in each pathogenic mycobacterium. As in M . leprae (Wheeler & Ratledge, 1991) , optimal fatty-acid-releasing phospholipase activity -in both M. microti and M . avium -required different physical forms (see Methods for details) of the substrates for each of PE, PC and lyso-PC (Dennis, 1983) . Further. diazotization experiments suggested that in M. avium, activity with PE was more exposed to the surface than other activities, while in M. microti phospholipase activity was more exposed than lysophospholipase (i.e. against lyso-PC) activity (Table 3) . Thus, there may be an array of phospholipases allowing pathogenic mycobacteria fine control over their phospholipid metabolism, and the ability to respond to the availability of different types of phospholipid separately.
The types of activity shown, in both M. microti and M . avium, were similar to those in M. leprae, and were Al (EC 3.1 , 1 . 3 ; phosphatidylcholine 1-acyl-hydrolase), A 2 (EC 3.1 . 1 .4; phosphatidylcholine 2-acyl-hydrolase) and lysophospholipase (EC 3 . 1 . 1 . 5 ; lysophosphatidylcholine acyl-hydrolase). Evidence for A activity comes from the release of 14C-labelled fatty acid from 2-[14C-fatty acyl]PC. A, activity must also be present since specific activities were higher with 1.2-[ 14C-fatty acyl]PC than 2-[14C-fatty acyl]PC. If the 2-acyl group only was being released (by A?, with no Al activity) then the specific activities with the two labelled substrates above would be equal. Lysophospholipase activity is responsible for the enzymic hydrolysis of 1 -[ 14C]lyso-PC.
Location of phospholipase activity
Phospholipase (fatty-acid-releasing) activity was associated with bacteria. It is not secreted. Only traces of activity -with either 1,2-di[14C-16:O]PC or l-[14C-16 : OJlyso-PC -appeared in culture filtrates. Selecting culture media for these experiments with M. microti presented a problem as the culture filtrate of Dubos medium (with added liposomes) was difficult to concentrate as it contained albumin, and growth was poor on Sauton's medium. Even so, in the worst case, the limit of detection of activity in the culture filtrate was 3% of the total activity (in micro-organisms plus culture filtrate), and when activity could be detected in the culture filtrate, only up to 1-5'/< of the total could be detected. With M. avium, which grew well on Sauton's medium + liposomes, culture filtrate could be concentrated to about 2' 4 of the original volume to allow easier detection of any secreted enzyme. The maximum activity to appear in culture filtrate was lysophospholipase, at only 0.2% of the total activity. With both M. microti and M . avium, culture filtrates were assayed after the logarithmic phase of growth (8, 15 and 22d) thus maximizing any appearance of phospholipase in the medium.
Diazotization of the cells to abolish surface enzyme activities revealed a diversity in location of phospholipase activity. Previously, we showed that the diazotizing agent ANDS did not in general react with phospholipase activities of intact M . leprae (Wheeler & Ratledge, 1991) . We argued that this meant that activity was not accessible at the cell surface, assuming that ANDS did not cause any immediate changes in envelope morphology. A similar general conclusion can now be drawn for phospholipase activity of M. avium (Table 3) . P hospholipase activity against phosphatidylet hanolamine was only weakly but significantly (P<O-O5) inhibited by A N D S treatment. The possibility that the result with phosphatidylethanolamine may have been obtained because Ca2+ was present in the assay was ruled out, as when Ca2+ was used in place of l-vso-PC in assays with 1,2-di[ 14C-16 : OIPC, similar results were obtained to those shown in Table 3 .
In M. microti, however, phospholipase activities were inhibited strongly by A N D S treatment, suggesting a surface location for them (Table 3) . Lysophospholipase activity was weakly, but significantly ( P < 0.05) inhibited, perhaps indicating some crypticity.
With the apparent surface location for phospholipase activity in M. microti, it might be expected that this organism would hydrolyse exogenous phospholipids. P . R. Wheeler and C . Ratledge However, intact M . microti were no better at hydrolysing 1,2-di[ T -16 : O]PC and 1 -[ 4C]lyso-PC than intact M . aoium; in both strains activities detectable in intact bacteria were between 5 and 12% of the activities in their extracts. Notably, intact M . mium hydrolysed phospholipids even though its phospholipase activity was not accessible to ANDS at its surface. The latter observation can be rationalized as follows : bacteria are permeable to phospholipids (Daum & Paltauf, 1990 ) so the phospholipids could reach the site of phospholipase(s) in M . aoium, while ANDS, which does not penetrate lipid barriers such as the mycobacterial envelope, could not. The failure of intact M . microti to hydrolyse phospholipases more rapidly than M . auium may be due to modulation of phospholipase activity by envelope components, perhaps glycolipids. In M . leprae, phospholipase activity may similarly be inhibited by the phenolic cell envelope glycolipid (Wheeler & Ratledge, 1991) .
Role of' acyl-hydrolysing phospholipases in pathogenic mycobacteria
Phospholipase activity for releasing fatty acids from phospholipids is clearly induced in pathogenic mycobacteria by exogenous phospholipids. In nature, these microbes are only likely to encounter phospholipids when they are inside a host. The observation of relatively high phospholipase activity in mycobacteria harvested from host tissue is consistent with the view that the role of their phospholipases is to release fatty acyl moieties from host phospholipids.
Phospholipase activity is not secreted or readily detectable in intact mycobacteria -even in M . microti where diazotization experiments suggest a surface location. As we suggested previously (Wheeler & Ratledge, 1991) , this indicates a non-aggressive role for phospholipases in the mycobacteria studied. The main role may be nutritional, supplying the fatty acids required (Wheeler et a!., 1990) by these mycobacteria when they are growing in host cells.
Host-membrane-mycobacterium interactions may be modelled using mixtures of mycobacteria and liposomes which are in close contact (Kondo et al., 1985) . Liposomes are disrupted, with phospholipase-dependent fatty acid release occurring as a distinct activity from, and slower than, general disruption (Kondo et al., 1985) .
Thus, a picture is emerging of a complex interaction of mycobacterial and host lipids and mycobacterial phospholipases. Such interaction perhaps allows controlled release of fatty acids enabling intracellular mycobacteria to gain nutrition from their hosts without causing major damage, as perforce these agents of chronic disease must. P. R. W. isgrateful to the MRC and the UNDP (World Bank) WHO Special Programme for Research and Training in Tropical Diseases for financial support during the course of this investigation. WHO (IMMLEP programme) provided funds for the maintenance of armadillo colonies. We thank Angela Hare, then subsequently Paula Fields for their excellent technical assistance during this project.
